Immune memory is the hallmark of adaptive immunity. However, recent studies have shown that natural killer (NK) cells, key components of the innate immune system, also mediate memory responses in mice and humans. Strikingly, memory NK cells were liver-resident in some models, raising the question as to whether the liver is a special organ for the acquisition of NK cell memory. Here, we review the characteristics of NK cell memory by summarizing recent progress and discuss how the liver may generate both the initiation and the recall phase of memory. We propose that the liver may have unique precursors for memory NK cells, which are developmentally distinct from NK cells derived from bone marrow.
INTRODUCTION
Memory is one of the most intriguing powers of a human being. An individual learns from iterative processes and records these instances. Memories are spread by conversation and by books or other media; memories also significantly elevate work efficiency and propel society forward. The immune system, much like human society, is highly compartmentalized. Various immune cells work together and regulate each other, maintaining homeostasis of the body and defending against external challenges. Memory is also present in immune cells such as T and B cells, which provide more effective protection to the body. 1, 2 Immunological memory was commonly believed to be a hallmark of the adaptive immune system, but recent studies in three different models found that natural killer (NK) cells, components of the innate immune system, 3-6 also possess features of immunological memory. [7] [8] [9] Dr von Andrian's group, using a contact hypersensitivity (CHS) model, demonstrated that NK cells can mediate intact memory responses in recombination activating gene-2 (Rag-2 2/2 ) mice deficient in T and B cells. 10 ,11 Dr Lanier's group defined antigen-specific memory features of NK cells in a mouse cytomegalovirus (MCMV) infection model, in which they observed quicker and more effective responses after a secondary virus challenge and four phases of NK cell memory similar to that of memory T cells. 12 Moreover, Dr Yokoyama's group found that NK cells activated by cytokines in vitro showed enhanced cytokine production upon re-stimulation in adoptive transfer recipients, suggestive of non-specific memory features in the NK cells. 13 The bone marrow (BM) can act as a nest for memory B and T cells [14] [15] [16] and plasma cells. [17] [18] [19] Whether memory NK cells have similar migratory property is an interesting topic. Accumulated data from several animal models, 20 show that memory NK cells reside in the liver, suggesting that the liver may be an important organ in NK cell memory. In this review, we will give an overview of the discovery of the NK cell memory capacity and discuss the possible mechanisms of NK cell memory, with an emphasis on the liver as a nest for memory NK cells.
THE FINDING OF MEMORY NK CELLS: A HISTORICAL PERSPECTIVE
As outlined in Table 1 , NK cell memory was firstly observed in a hapten-induced CHS model, a classical model for immune memory in which sensitized CD4 1 T cells were thought to mediate a hypersensitivity response after secondary hapten challenge. However, the CHS response also occurred in Rag-2-deficient mice, which lack T and B cells but possess NK cells. As Rag2 2/2 Il2rg 2/2 mice lacking all lymphocytes failed to induce a CHS response, and depletion of NK cells in Rag-2-deficient mice also abolished the memory response, NK cells were confirmed to mediate T and B cell-independent adaptive immunity. Adoptive transfer assays also showed that only hepatic NK cells from sensitized mice could deliver antigen-specific memory to naive mice. Using antibody depletion assays, Thy-1, Ly49C-I and CXCR6 were defined as markers for memory NK cells in the CHS model. [9] [10] [11] 21 Studies based on MCMV infection emphasized four phases of NK cell memory. As MCMV m157 glycoprotein can be recognized by the activating Ly49H receptor expressed on NK cells, the chronological response of Ly49H 1 NK cells was investigated. Virus-activated Ly49H 1 NK cells went through expansion and contraction phases during the first week of MCMV infection. After the contraction phase, functional memory NK cells were retained in the memory phase. When mice were rechallenged with MCMV, the virus-specific memory NK cells entered the recall phase, and quickly responded and showed more protective effects compared with naive NK cells. This research shed light on the common chronological characteristics of the memory response shared by NK and T cells. 12 Cytokine-activated NK cells also exhibited memory characteristics in mice. Transferred NK cells pre-stimulated with cytokines in vitro were detectable 7-22 days after injection in the recipients. Although the exogenous long-term surviving NK cells in the recipients displayed a phenotype similar to naive NK cells, they responded more robustly when re-stimulated. Although the ex vivo treatments of the NK cells were artificial, this study demonstrates that NK cells can attain intrinsic memory after prior activation. 13 More recently, memory NK cells have been reported in viral infections such as influenza, vaccinia virus, vesicular stomatitis virus, genital HSV-2 and human immunodeficiency virus type 1. 11, 22, 23 As in the CHS model, only hepatic NK cells, not splenic NK cells, can mount the virus-specific memory response in all of these models except the genital HSV-2 infection model.
NK cell memory has also been observed in humans. Human NK cells pre-activated with cytokine combinations including IL-12, IL-15 and IL-18 show enhanced IFN-c production after re-stimulation. 24 Another study showed that NKG2C 1 NK cells from patients infected with cytomegalovirus could expand in vivo in response to recipient cytomegalovirus antigen after transfer. 25 Although NK cells show features of adaptive immunity, there are distinct differences. The specific interaction between m157 and Ly49H makes MCMV infection a special case for NK cell memory, leading to the possibility that the memory mechanism of Ly49H 1 NK cells in MCMV model is different from that in the CHS model, and Ly49H was not convincing enough to be a surface marker for memory NK cells. It is noteworthy that the memory NK cells in the MCMV model were not organspecific, while the antigen-specific memory NK cells in the other viral models and the CHS model were resident in the liver.
PREREQUISITES FOR NK CELL MEMORY
The BM is thought to be the main site for NK cell development after birth both in mice and humans. [26] [27] [28] The generation of the NK cell lineage from hematopoietic stem cells occurs in the BM throughout life. CD122 1 NK1.1 2 CD3 2 cells are NK cell-committed precursors (NKPs), which give rise to CD3 2 NK1.1 1 NK cells after in vitro culture. 29, 30 In the classical NK cell developmental pathway, NK cells arise from BM NKPs, which then go through an immature NK cell stage and finally become mature NK cells. 31 NK cell development and function is controlled by a series of elements, including T-bet, E4BP4, IRF2, HMBOX1 and GATA3. [32] [33] [34] [35] NKPs and immature NK cells can also be found in peripheral organs, suggesting that at any stage, NK cells can leave the BM and finish their development at peripheral sites. 34, 36 Maturation of NK cells is accompanied by the expression of a series of activating and inhibitory receptors. 37, 38 The 'missing self' theory proposed that inhibitory receptors on NK cells can recognize self-MHC molecule and transmit inhibitory signals to avoid self-activation and that only NK cells whose inhibitory receptors (the Ly49 family in mice and the KIR family in humans) have been engaged by self MHC can acquire full effector function. [39] [40] [41] The interaction between MHC molecules and inhibitory receptors is called NK cell licensing; however, when and where the 'licensing' occurs is still not clear.
In T and B cells, the gene rearrangement of receptors resulting in clones expressing different types of antigen-specific receptors is necessary for memory formation. 42, 43 Specific clones are chosen and proliferate following a secondary antigenic challenge. The basis for NK cell memory seems different because unlike T and B cells, NK cells lack the ability to rearrange their receptors. Thus, the mechanism underlying the antigen-specific recognition of NK cells is of great interest. It is possible that several receptors on NK cells work together and are combined to accomplish specific recognition. The MCMV model is a simplified model, as m157 is recognized by Ly49H. 12 Memory NK cells specific to viruses may simultaneously combine various receptors to recognize distinct antigens.
Memory cells are lymphocyte populations with long-lived and self-renewing properties [44] [45] [46] and are capable of antigenspecific recognition. For decades, NK cells were considered to have a short lifespan and lack the capacity of self-renewal; 31 however, a recent study found that adoptive transfer of NK cells into lymphopenic hosts resulted in the generation of a longlived NK cell population, which could reside in both lymphoid and non-lymphoid tissues for more than 6 months. 47 These homeostasis-driven NK cells were able to self-renew and respond strongly upon re-encounter with a virus. Compared to the well-documented requirements for T-cell longevity, the factors determining the homeostatic proliferation and longevity of NK cells are poorly defined. IL-15 plays a key role in the homeostasis and survival of NK cells and in NK cell 12 Similar studies were also reported in models of other virus infections, including vaccinia virus. 22 It is clear that NK cells can respond to antigens, but many gaps remain in understanding the mechanism for antigen recognition, including when and where the recognition happens and what receptors are involved in the process.
Silke Paust and Ulrich H von Andrian proposed a paradigm for the generation, maintenance and recall of NK cells memory in the CHS model. Peripheral NK cells were primed in the draining lymph nodes by antigen-presenting cells carrying antigens after sensitization. These NK cells recognized the antigen but did not mount a strong response. The sensitized NK cells patrolled the blood system and were selectively localized to the liver using adhesion molecules such as CXCR6. After the same hapten challenge at another site, these memory NK cells quickly departed from liver and were recruited to the location of the secondary challenge. 20 It is possible that antigen recognition by NK cells happens in the liver. As an important metabolic organ, 50 ,51 the liver may degrade chemical haptens. Haptens are carried to the liver by the bloodstream, and hepatic immune cells may react to clear the toxic material. Previous studies in the CHS model demonstrated that hepatic invariant NK T cells released IL-4 as early as 7 min after sensitization and stimulatory lipids accumulated in the mouse liver within 30 min of sensitization. 52 We have evidence that after sensitization with FITC, FITC-bound cells could be detected in the liver, especially on hepatocytes and liver monocytes, but not in the spleen. 53 Therefore, it is possible that, rather than the recruitment of sensitized NK cells to the liver after a local response, antigenic activation of the NK cells occurs in the liver. Moreover, hepatic NK cells express high levels of CD11c, 54, 55 suggesting that they may be capable of antigen presentation.
WHY RESIDE IN THE LIVER: IMMIGRANTS OR NATIVES
We noticed that the most significant difference between the MCMV model and other models was that the MCMV-specific memory NK cells were not organ specific, whereas the memory NK cells in other models resided only in the liver. As discussed above, most NK cells in B6 mice express Ly49H, which can specifically recognize MCMV m157, making MCMV infection a special case. Thus, the fact that memory NK cells reside in the liver suggests that hepatic NK cells may be able to recognize certain antigens, which means that the receptor repertoire of hepatic NK cells is different from that of conventional NK cells.
The liver is a solid organ, and immune cells in the liver can be divided into resident cells and passer-by cells. Resident cells either come from other organs or develop in the liver. They exist in a stable state in the hepatic sinusoid and do not spontaneously leave. Passer-by cells go through the liver via the bloodstream like travelers. As reported before, the fetal liver is the main hematopoietic organ during embryogenesis, and the hematopoietic ability of liver is maintained to some extent until adulthood. 56, 57 Thus, the developmental pathway for hepatic lymphocytes may be unique.
The source of the antigen-specific hepatic NK cells is a central issue. Whether memory NK cells in the liver are special immigrants recruited from the periphery or whether they are natives with distinct receptor repertoire should be considered before elucidating the origin of the hepatic memory NK cells (Figure 1) . If the memory NK cells are immigrants, the location of where the NK cells acquire memory is worth discussion. Memory NK cells may gain memory in the periphery and then be selectively recruited to the liver, as discussed above. However, the acquisition of the memory capacity may be a process, akin to education, which happens in the liver. 'Multi-talented NK cells', which may have specific receptors, are recruited and acquire the capacity for memory in the liver. If the memory NK cells are natives, there are also two other possibilities. One possibility is that NKPs from the BM are retained in the liver and develop in the liver microenvironment. The liver may collect memory NK cells or 'multi-talented naive NK cells' from periphery through blood circulation. 'Multi-talented naive NK cells' preferentially accumulate in the liver during homeostasis or during the sensitization process of the CHS response, and acquire memory capacity to respond to the antigens. However, possibilities also exist that the 'multi-talented naive NK cells' in the liver originate from either the adult BM HPCs by blood circulation or from fetal liver HPCs in situ. BM, bone marrow; CHS, contact hypersensitivity; HPC, hematopoietic progenitor cell; NK, natural killer.
The other possibility is that fetal liver HPCs keep their hematopoietic function to further differentiate into NK cells in the adult liver. 58 We have confirmed the memory potential of liver-specific DX5 2 CD49a 1 NK cells, which are absent in periphery and demonstrated that NK cells in other organs fail to acquire the capacity for memory after sensitization. 53 Therefore, we favor the idea that memory potential is a unique immunological feature of hepatic NK cells. We also found that liver-specific DX5 2 CD49a 1 NK cells were absent in both afferent and efferent blood in the liver under normal condition and during a CHS response. Moreover, NK cells in the peripheral blood and ears during the recall response were mostly DX5 1 ; therefore, we propose that DX5 2 CD49a 1 NK cells sensed antigens in the liver and acquired memory locally. These memory NK cells may be retained in the liver or released at undetectable amounts into the bloodstream to patrol the periphery for antigen rechallenge.
A QUESTION OF TRAVELING: HOW TO RECALL LOCALLY IN RESPONSE TO ANTIGEN
Memory NK cells reside and persist in the liver after sensitization, a situation analogous to the preferential accumulation of memory T cells in the BM. 15, 59 It has been documented that hematopoietic stem cells in the BM provide the special microenvironment, known as the niche, for recruitment of memory cells. 60, 61 Because hematopoietic stem cells have been demonstrated to be present in the liver, [62] [63] [64] whether a similar 'niche' leading to the residence of memory NK cells exist in the liver needs to be confirmed. In addition, the hematopoietic stem cells in the liver may provide the necessary basis for long-lived memory NK cells.
Memory NK cells also have to function at the local site during an antigen rechallenge. Although we discussed the possible mechanisms involved in NK cell memory in part, how this process occurs is still unclear. The same puzzle also exists in the mechanism of the recall response in adaptive immune responses. Memory T cells preferentially migrate to the BM, and memory T cells are found in the periphery. 65, 66 Central memory T cells and effector memory T cells represent two distinct types of memory T cells that patrol lymphoid organs and extralymphoid organs, 67, 68 respectively. The BM possibly serves as a renewal pool for the migrating memory cells, thus explaining why T cells can rapidly respond to a secondary challenge.
If the liver is the nest for memory NK cells, similar to the role of BM for memory T cells, memory NK cells that patrol the periphery are necessary to initiate a response during antigen restimulation, similar to the situation in T cells. However, memory NK cells with the phenotype of CD49a 1 DX5 2 were undetected in blood. They seem to be tissue resident and non-migratory. Thus, it is hard to understand how hepatic NK cells sense antigens after a second challenge at another site. 53 A potential mechanism may be that memory NK cells change their phenotype in the liver after an antigenic challenge to become effector NK cells, and these effector NK cells with a different phenotype depart the liver to exert memory functions (Figure 2) .
CONCLUDING REMARKS
NK cell memory is a striking discovery that overturns previous concepts of innate and adaptive immunity. Though previous publications provide strong evidence for NK cell memory in different murine models and in humans, the concrete mechanisms of NK cell memory remain elusive. When and where NK cells recognize antigens, and why memory NK cells are retained in the liver, are questions that need to be solved. Considering the complexity of the NK cell receptor repertoire, it is possible that an NK cell may gain specific memory of several antigens. In contrast to the selection of TCR-specific T cells, NK cell memory of antigens seems unclear, and genetically identical NK cells may be endowed with different types of memory depending on the category of antigens they met. An interesting but unanswered question is what would happen if memory NK cells for antigen A encountered antigen B and whether they could remember antigen B and mediate a recall response after a secondary challenge with antigen B.
Whether NK cell receptors will change after specific recognition is another interesting question. Previous studies demonstrated that TCR structures changed after contact with the certain antigens during both negative and positive selection in the thymus and that the alterations determined the later fates of the T cells. 69 NK cell engagement with antigen may also be meaningful in NK cells after development in the BM. The liver seems to be a possible local site for this reprogramming. A unique cytokine microenvironment in the liver may supply a solid basis for this reprogramming. Further studies on NK cell memory are of great importance.
NK cell memory and T cell memory share several common characteristics, such as similar phases for memory formation and a more efficient response to antigenic rechallenge. However, T cells greatly outnumber NK cells. The highly diversity of TCR receptors and strong proliferative capacity of T cells make us curious about whether NK cell memory can take place in individuals with an intact adaptive immune system including T and B cells. Earlier confirmation of NK cell memory was performed in Rag2 2/2 mice deficient in T and B cells, and similar phenomena were also later observed in normal mice, suggesting that NK cell memory naturally exists. Long persistence of NK cells were found in hantavirus infected patients, 70 and memory-like NK cells were reported in virus infections as well, 23 but more evidence for memory NK cells in humans is needed to provide new vaccination strategies targeting innate immune therapy. As NK cell expansion in vitro has been realized 71 in diseases with abnormal T and B cell functions, pre-stimulated NK cells may have promising applications.
